Electricity generation is the main source of energy-related greenhouse gas emissions and lighting uses one-fifth of its output. Solid-state lighting using light-emitting diodes (LEDs) is poised to reduce this value by at least 50%, so that lighting will then use less than one-tenth of all electricity generated. LED lighting will provide reductions of at least 10% in fuel consumption and carbon dioxide emissions from power stations within the next 5-10 years. Even greater reductions are likely on a 10-20-year timescale.
1
Not only does lighting consume a significant amount of energy, it is also extremely inefficient. Incandescent light bulbs convert about 5% of the electricity they use into visible light. Even energy-saving compact fluorescent lamps (a phosphorcoated gas discharge tube) are only about 20% efficient. These low efficiencies contrast starkly with the efficiencies of most of the household appliances just mentioned. For example, electric ovens, clothes dryers, and toasters convert electricity to useful heat with a typical efficiency of at least 70%. Electric motors for fans are typically 90% efficient. There is therefore much more potential for large energy savings from lighting than from most other appliances. Indeed, lighting is so inefficient, and it consumes so much energy, that there is probably more potential for large energy savings in this field than in any other area.
Lighting, Energy, and Carbon Dioxide Emissions
The total annual energy consumption in the United States was about 9,200 terawatt-hours (TWh) in 2001 (one terawatt is one million million watts). 2 Thirty-eight percent of that energy was consumed as electricity, and of that, 22%, or 765 TWh, was consumed by lighting. 2 Thus, over 8% of total energy consumption in the United States was for lighting: this is a significant fraction. At $0.068/kWh, the average cost of electricity in the United States in 2001, the electricity cost to end users was about $53 billion. 2 (It should be noted that the cost of electricity has risen significantly since 2001. The average cost of residential electricity in March 2006 was $0.099/kWh in the United States and $0.2/kWh in the United Kingdom).
Worldwide, grid-based electric lighting consumed about 2,650 TWh of electricity in 2005, some 19% of total global electricity consumption. 3 The energy bill for electric lighting cost end users $234 billion and accounted for two-thirds of the total cost of the electric-lighting service ($356 billion), which includes lighting equipment and labor costs as well as energy.
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MRS BULLETIN • VOLUME 33 • APRIL 2008 • www.mrs.org/bulletin • Harnessing Materials for Energy lighting, whereas the average person in India uses only 3 Mlmh. In addition, the world population is increasing rapidly, from 5 billion in 1987 to 6.7 billion today, an increase of 34% in the past 20 years. A conservative estimate is that the global demand for artificial lighting will be 80% higher by 2030. 3 I believe that this estimate severely underestimates the fact that the average person in India will not be content with having less than 3% of the lighting of the average person in the United States. My estimate is that global demand for lighting might be three times higher by 2030. If this turns out to be correct, and if we do not move to more efficient lighting, then by 2030, lighting will be responsible for emitting more than twice the CO 2 of all of today's cars and nine times the emissions of all of today's aircraft.
Lighting and the Human Eye
The human eye is sensitive only to light in the visible spectrum, ranging from violet (with a wavelength of about 400 nm) through red (with a wavelength of about 700 nm). The maximum sensitivity of the human eye is to green light with a wavelength of 555 nm. The lumen is the unit of light intensity perceived by the human eye. What is called the efficacy of a light source takes into account the sensitivity of human vision, so that green light contributes more strongly to efficacy than blue or red light and ultraviolet and infrared wavelengths do not contribute at all. The units of efficacy are lumens per watt (lm/ W), corresponding to light power out (as perceived by the human eye and measured in lumens) relative to electrical power in (measured in watts). It is important to note that efficacy is different from efficiency. The efficiency of a light source is the light power out, not adjusted for the response of the human eye, divided by the electrical power in. Efficiency is dimensionless and is usually given as a percentage. The terms efficiency and efficacy are both widely used in lighting, and care must be taken not to confuse them.
The maximum possible efficacy of a light source is 683 lm/ W, for the case of monochromatic 555-nm green light. The maximum possible efficacy for an ideal white light source is 240 lm/W (because the human eye is less sensitive to wavelengths on each side of green). Such an ideal source reproduces colors perfectly and has a color rendering index (CRI) of 100. The CRI is an internationally accepted measure of how well a light source renders colors. The CRI varies between 0 and 100, with 100 representing perfect color rendering. A CRI of 90% is considered to be excellent, and the maximum possible efficacy of a white light source with a CRI of 90% is 408 lm/W. It is useful to bear this value in mind when reading this article, as it represents a theoretical maximum efficacy for excellent quality white lighting.
The Range of Lighting Options
Incandescent Light Bulbs
It is commonly believed that Thomas Edison invented the incandescent light bulb in 1879. This is not correct. In 1860, the English scientist Joseph Swan obtained a U.K. patent for a carbon-filament incandescent lamp operating in a partial vacuum. Swan received another U.K. patent in 1878 for a carbonfilament incandescent lamp operating in an improved vacuum. It is difficult to think of many other inventions that we still use today, essentially in their original form, that are over 100 years old. An incandescent light bulb uses electricity to heat a coiled tungsten wire in an evacuated glass bulb. The temperature of the wire is about 3,500 K and it glows white-hot, radiating white light. The lifetime of an incandescent light bulb is typically 1000 h.
The spectrum of radiation emitted is very broad. It fills the entire wavelength range (400-700 nm) of the human eye. Because its visible spectrum is so broad, it renders colors extremely well. An incandescent light bulb has a CRI approaching 100. However, it also emits strongly in the infrared as heat, beyond the response of the human eye. Only about 5% of the input electrical energy is converted to visible light, and the rest is emitted as heat, so the incandescent light bulb is 95% inefficient at producing light. The efficacy of an incandescent light bulb is typically 15 lm/W.
Fluorescent Tubes
The first fluorescent tube was made by General Electric (GE) in 1937. Fluorescent tubes consist of a glass tube filled with an inert gas, usually argon, and small amounts of mercury, typically 3-15 mg. Ultraviolet (UV) light is created by passing an electric current between electrodes at each end of the tube, which excites electrons in the mercury vapor. When the excited electrons relax, UV light is emitted. The UV light excites phosphors coating the inner surface of the glass tube, and these emit visible light.
Fluorescent tubes have much longer lifetimes (7,500-30,000 h) than incandescent light bulbs (1000 h). The quality of white light emitted depends on the phosphors used, but a warmwhite fluorescent tube has phosphors emitting in the blue, green, and red ranges. The efficacy of a fluorescent tube (60-100 lm/W) is much higher than that of an incandescent light bulb (15 lm/W), and the efficiency is typically 25%, compared to 5% for an incandescent bulb. These advantages, combined with reasonable costs, led to fluorescent tubes rapidly replacing incandescent lighting in the workplace, especially in offices and public buildings. Today, fluorescent tubes dominate lighting in the workplace.
Compact Fluorescent Lamps
Compact fluorescent lamps (CFLs) were first commercialized in the early 1980s. They usually consist of two, four, or six small fluorescent tubes, which can be straight or coiled. Their efficacy is typically 35-80 lm/W, and their efficiency is typically 20%. CFLs usually have a lifetime of between 6,000 and 15,000 h; however, this long lifetime is attained only if the lamp is left on for long periods of time. The lifespan of a CFL is significantly shorter if turned on for only a few minutes at a time: in the case of a 5-min on/off cycle the lifespan of a CFL has been measured to be only about 1000 h, the same as that of an incandescent bulb. 5 Hence, the lifetime of a CFL is a sensitive function of how it is used.
Inorganic LEDs
Inorganic materials emitting red light were first demonstrated by Holonyak and Bevacqua in 1962. 6 Subsequent developments led to a range of colored light sources known as light-emitting diodes (LEDs). In particular, the first bright blue LED was announced by Nakamura at a press conference on November 12, 1993. 7 If a blue gallium nitride (GaN) based LED is coated with a phosphor, then white light can be produced (in much the same way as UV-emitting fluorescent tubes and compact fluorescent lamps coated with a phosphor produce white light). Such white LEDs can last up to 100,000 h, and unlike with CFLs, this lifetime is not reduced if the periods of use are short. The best white LEDs have an efficiency of 30% and an efficacy of 100 lm/W. Over $4 billion worth of GaN-based LEDs were sold in 2006. 7 Sales of high-brightness (HB) LEDs have had a compound annual growth rate of over 46% since 1995.
8,9
Organic LEDs
Organic LEDs are known as OLEDs (inorganic LEDs are simply called LEDs). Light-emitting organic materials were first demonstrated by Pope, Kallmann, and Magnante in 1963, 10 within one year of the demonstration in 1962 of light emission from inorganic materials. Subsequent development led to a range of colored OLEDs based on polymeric or molecular thin films. In theory, OLEDs have a number of attractive properties for solid-state lighting, including ease of processing and low cost, as well as the ability for device properties to be tuned by chemically modifying the molecular structure of the organic thin films. 11 However, despite some impressive research results, in practice, the development of OLEDs for lighting has lagged behind that of LEDs. So far, it has not been possible to achieve simultaneously high brightness at high efficiency with long lifetime. For this reason, unlike for white LEDs, no white OLEDs for lighting are commercially available.
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The Coming Era of the Compact Fluorescent Lamp
In the world of lighting, the past 130 years have been the age of the incandescent light bulb. However, we are now poised for a major sea change: the next five years or so will be the era of the CFL. What is precipitating this change is the realization by governments around the world of the huge 95% inefficiency of incandescent light bulbs and the fact that banning the sales of these bulbs is therefore one of the easiest and most effective ways of saving energy and reducing carbon dioxide emissions. What form of lighting is available now to take over from incandescent light bulbs? Long fluorescent tubes have already largely taken over in offices, commercial buildings, and factories, and any remaining incandescent bulbs in these buildings are likely to be replaced rapidly by such tubes. Concerning lighting in houses, although white inorganic LEDs are commercially available and widely used in various lighting applications, they are currently too expensive for general household lighting. White OLEDs are not commercially available for lighting. 8 We therefore have one, and only one, realistic replacement for incandescent bulbs in homes at the present time: compact fluorescent lamps. These lamps have both advantages and disadvantages.
The main advantage of CFLs over incandescent bulbs is efficiency. CFLs are about four times as efficient as traditional incandescent bulbs. Martin Goetzeler, the CEO of Osram, has stated that shifting just 30% of the world's lighting to CFLs will cut global carbon dioxide emissions by 270 Mt and save 460 billion kWh of electricity. 12 These are substantial savings. The next major advantage of CFLs is lifetime: CFLs typically have a lifetime of about 10,000 h, 3 compared to 1000 h for incandescent bulbs. However, if a CFL is left on for only short periods of time, its lifetime can drop to 1000 h or less.
The first generation of CFLs had many drawbacks. They were expensive, costing about $15 each; the light they emitted was cold and harsh; they came on slowly, taking up to 2 min to reach full brightness; they could not be dimmed; and their brightness decreased over time and also dropped dramatically if the temperature became too low or too high. This latter point meant that they could not be used to illuminate refrigerated displays in supermarkets, for example, or in situations where the temperature might become too hot.
However, recently, CFLs have significantly improved. The cost of a CFL today can be less than $4 (depending on the style), and the cost is continuing to fall. The color rendering of CFLs has improved considerably, and warmer white light is now available, with a CRI of up to 90. CFLs with electric ballast (the earlier generation had magnetic ballast, which was primarily responsible for the flickering and slow starting traditionally associated with fluorescent lighting, and buyers should beware that these are still widely available) turn on much more rapidly and can also be dimmed. However, switching on a CFL for short periods of time will still shorten its lifetime, and CFLs still lose a lot of brightness in cold or hot temperatures.
Returning to the increased efficiency of a CFL, each 13-W CFL, over its expected 10,000-h life (given the right operating conditions) will save 470 kWh of electricity compared to its However, CFLs have an environmental drawback. Each CFL contains about 5 mg of mercury, which is a highly toxic cumulative heavy metal poison. There are 23 million houses in the United Kingdom, with 25 light bulbs per house on average. If all of these light bulbs are replaced by CFLs, there will be over 2 million grams (i.e., 2 t) of mercury in CFLs in U.K. houses. Neither the CFLs nor the boxes in which they are sold state that the contents contain mercury, and the U.K. government is providing no special disposal facilities. Hence, when CFLs fail, householders will throw them into their normal trash can; the garbage truck will collect the waste and compact it, breaking the CFL; and the mercury will spill out and contaminate the refuse, which will then enter incinerators and landfill sites. From incinerators, the mercury will enter the atmosphere, and from landfill sites, it can leech out into water supplies and into vegetables subsequently grown on the land.
There are 130 million houses in the United States, each containing 45 light bulbs on average. If these are replaced by CFLs, then there will be over 29 million grams (i.e., 29 t or 32 tons) of mercury in CFLs in U.S. houses. The potential for serious mercury contamination is therefore significant. By comparison, a mercury thermometer contains 500 mg of mercury. If we assume that each house in the United States has one mercury thermometer, then there are 65 million grams (65 t or 72 tons) of mercury in thermometers in houses in the United States. This value is comparable to the amount of mercury in CFLs; however, the chances of breaking a CFL, and releasing the mercury, are probably far higher than those of breaking a thermometer. At least 10 U.S. states have banned the sale of mercury thermometers, as have many countries worldwide, yet such thermometers appear to be safer than CFLs.
Mercury can exist in coal and other fossil fuels. When these fuels burn, mercury vapor is released into the atmosphere where it is spread widely by air currents. Coal-fired power plants in the United States emit about 48 tons (43 t, or 43 million grams) of mercury annually. 13 About 20 mg of mercury is emitted to produce the electricity needed to run an incandescent light bulb for a period equivalent to the assumed 10,000-h lifetime of a low-energy CFL. Because this is greater than the 5 mg of mercury contained in a CFL, it can therefore be argued that using a CFL produces a net saving of mercury. However, if carbon dioxide emissions from power plants can be captured, then it would make sense to capture the mercury emissions as well. In addition, whereas the mercury emitted from coal-fired power stations is spread over a large area, the mercury from broken CFLs will be concentrated in homes, incinerators, and landfill sites, where it is much more of a hazard than the widespread but very thin layer of mercury contamination from coal-fired power plants.
Mercury levels in many countries are already dangerously high. For example, a survey conducted by the U.S. Center for Disease and Prevention and published in 2003 found that, in the United States, one in 12 (8%) U.S. women of child-bearing age had mercury in their blood above the levels considered safe by the Environmental Protection Agency. 13 It is therefore important to minimize exposure to mercury. Hence, it is desirable to use low-energy light bulbs that do not contain mercury or other toxic materials.
Solid-State Lighting and LEDs
CFLs are likely to be a stop-gap measure to replace incandescent lamps, lasting until we have a more efficient, nontoxic source of white light at a reasonable cost. This next generation of home and office lighting will almost certainly be inorganic LEDs.
LEDs are semiconductors in which the light emission comes from a very thin crystalline layer composed of typically two, three, or four elements such as indium gallium nitride (InGaN). This very thin layer, typically only about five atomic layers, or 2 nm, thick, is called a quantum well (see Figure 1) . The quantum well of InGaN is sandwiched between two thicker layers of gallium nitride (GaN), one of which, called n-type GaN, is rich in negatively charged particles called electrons, and the other, called p-type GaN, is rich in positively charged particles called holes. When a voltage, for example, from a battery, is applied across the sandwich, electrons are injected into the InGaN quantum well from the n-type GaN, and holes are injected from the p-type GaN (see Figure 2 ). These electrons and holes exist in the InGaN at different energy levels separated by an energy bandgap. When the electrons and holes subsequently meet and recombine, the energy released is given out as light, and the wavelength of the light emitted is equivalent to the bandgap energy. This results in the emission of light of a single color, such as red or green or blue, called monochromatic light. We can change this color by varying the composition of the InGaN quantum well and also by changing the thickness of the quantum well. Scientists are therefore able to make an LED emit light of any desired color. This tailor-made lighting has become possible only recently because of some fundamental advances in materials science, and it is revolutionizing the field of lighting.
The Development of Red LEDs
The story of the development of LEDs is fascinating and deserves to be much better known, as it illustrates very clearly how basic research on new materials makes it to the marketplace.
The first LED to be made emitted red light, and it was made from GaAsP by Nick Holonyak 6 in the fall of 1962, at GE's Solid-State Device Research Laboratory in Syracuse, New York. It shone extremely dimly and had an efficacy of only 0.1 lm/W. Despite this not-very-brilliant start, Holonyak was incredibly determined (the hallmark of a good researcher), and in the February 1963 issue of Reader's Digest, Holonyak is reported as saying: "We believe there is a strong possibility of developing the LED as a practical white source." Holonyak then made the following remarkable prediction: "The lamp of the future might be a piece of metal the size of a pencil point, which will be practically indestructible, will never burn out, and will convert at least 10 times as much current into light as does today's bulb." Indeed, today's white LED is already six times as efficient as a filament light bulb and is on course to be at least 10 times as efficient. Hence, Holonyak's prediction is likely to be fulfilled within the next 5-10 years.
The research director at GE was not very impressed with Holonyak's red LED, which could be seen only in the dark, so Holonyak, determined to continue his LED research, left and went to the University of Illinois. Ten years later, he had doubled the efficacy of his LED, to 0.2 lm/W, but it could still be seen only in the dark. Undeterred, Holonyak tried a new material, GaAs, and also made a quantum-well LED. Because the carriers (electrons and holes) were confined in a quantum well that was only a few nanometers thick, the chances of them meeting, and recombining to emit light, were greatly enhanced. Ten years later, by 1980, the efficacy of Holonyak's red AlGaAs/GaAs quantum-well LED had leaped by a factor of 10, to 2 lm/W.
Holonyak pressed on with materials improvements. Another 10 years on, by 1990, he had increased the efficacy by a factor of five, to 10 lm/W, by introducing a quaternary semiconductor: his materials system was now AlInGaP/GaAs. An additional 10 years on, in the year 2000, the quantum-well LED material was changed to AlInGaP/GaP, which produced another 10 times increase in efficacy, to an impressive 100 lm/W. The efficacy of red LEDs has increased by over five times every 10 years since 1962.
To illustrate this growth, consider red rear bicycle lamps. Traditionally, these are made from small filament light bulbs, emitting white light, with a piece of red plastic in front. The efficacy of the light bulb is about 10 lm/W. After the light has passed through the red plastic, which filters out colors other than red, the efficacy of red light production is less than 3 lm/W. However, the efficacy of a red LED, which does not need to be filtered, is 100 lm/W, a factor of 30 times higher than that of an incandescent bulb with a red filter. Thus, if you have a red LED rear bicycle lamp, your batteries will last about 30 times longer than if you have a traditional rear bicycle lamp with a filament light bulb. In addition, the LED will last 100 times longer than the light bulb.
An important example of energy savings from single-color LEDs is that of traffic lights. The arguments for fitting LED traffic lights (Figure 3) are overwhelming. Denver, Colorado, was one of the first places to realize this in the late 1990s. Since then, more than 48,000 of its red, yellow, and green traffic lights have been converted to LEDs, which has saved the city more than $800,000 per year in energy, labor, and materials costs. It has also saved 3,000 t of CO 2 emissions per year. Since the end of 2000, Stockholm has fully converted its traffic lights to LEDs. The result has been a reduction in energy use of 85%, or 5,800 MWh/year, far more than was expected. The average power used per traffic light fell from 70 to 6 W.
14 All of Singapore and much of China now have LED traffic lights. A public survey in Singapore after the country had completely replaced its traffic lights with LEDs showed that over 90% of the public preferred the LED traffic signals. Better visibility at night, better visibility in the rain, and better visibility in direct sunlight were the main reasons given. Most cities in the United States are in the process of replacing their existing lights with LED lights, and about 50% of the United States now has LED traffic lights. Worldwide, 1.6 million LED traffic lights were in use in 2002, and this value will now be substantially higher.
The Importance of Gallium Nitride
Gallium nitride (GaN) is probably the most important new semiconductor material since silicon. The main materials that were known to emit light before the era of GaN are summarized in were required to go from infrared (InAs) through blue (ZnSe). However, despite major research efforts worldwide, ZnSe blue light-emitting devices have never worked, with one problem due to the defects in the material that quench the light emission. Hence, bright blue LEDs could not be made. Green LEDs were also a problem because, although both GaP and AlAs emit green light, both have an indirect bandgap (which means that momentum must be supplied to the electrons and holes for them to recombine), so the light emitted is weak. Hence, before the advent of GaN, bright LEDs ranged from infrared through yellow, but bright green, blue, and white LEDs were not available.
Gallium nitride, and its sister materials indium nitride (InN) and aluminum nitride (AlN), changed the situation dramatically. As Figure 4a shows, InN has a bandgap of about 0.7 eV and emits in the infrared, at one end of the visible spectrum. GaN has a bandgap of 3.4 eV and emits in the near-UV range, at the other end of the visible spectrum. By mixing InN and GaN, both of which have the same hexagonal crystal structure, any color in the visible spectrum can, in principle, be produced, as well as infrared and near-UV radiation. For example, blue and green light is produced from In x Ga 1−x N alloys having indium fractions that are 10% and 20% of the group III metal content, respectively. For the first time in history, we have a semiconductor material, InGaN, that can, in principle, emit bright light of any color in the visible spectrum. However, in practice, it is found that the intensity of light emission from InGaN is low at high indium content, for reasons that are not fully understood. This means that, although InGaN emits blue light strongly, its green light emission is less intense, and its red light emission is weak.
If GaN is mixed with AlN (bandgap 6.2 eV) to form Al x Ga 1−x N, then UV light ranging from near-UV through to deep-UV light can be produced. (The focus here is on visible lighting, but it is worth noting in passing that deep-UV radiation has many important applications including water purification, air purification, and the detection of biological agents.) InN, GaN, and AlN are collectively known as III-nitrides. These materials do not exist in nature, and the creation of this semiconductor family that emits light over such a huge range of important wavelengths is a major breakthrough in materials science.
The first prototype bright blue LED was based on GaN containing a very thin layer of InGaN, called an InGaN quantum well, with about 10% In. It was demonstrated in November 1993 by Shuji Nakamura in his small laboratory at Nichia Chemical Industries in Japan. In 2006-just 13 years later-over $4 billion worth of GaN-based LEDs were sold worldwide. Remarkably, this was greater than the total sales of gallium arsenide (GaAs) devices in 2006, even though GaAs devices have been around for much longer and most cell phones contain a GaAs chip. The speed to market of GaN LEDs has been amazing and has resulted because these LEDs fulfill a real market need. However, the fact that GaNbased LEDs emit light at all is due to extreme scientific good fortune.
Why Do Highly Defective GaN-Based Materials Emit Brilliant Light?
Until a few years ago, the answer to this question seemed clear. The world's GaN scientists believed they knew why GaN devices emitted intense light even though they had a high dislocation density: nanometer-scale indium-rich clusters formed in the InGaN quantum wells that localized the carriers (the electrons and holes) so that they could not diffuse to dislocations. The evidence for this explanation came from thermodynamics and electron microscopy.
Most commercial LEDs are grown on sapphire substrates, and the lattice mismatch (difference in atom spacing) between GaN and sapphire is a massive 16%. This misfit results in a high density of defects called threading dislocations, in which a typical density of threading dislocations passing through the active InGaN quantum wells is 5 billion per square centimeter (5 × 10 Critically, high-resolution electron micrographs showed that InGaN quantum wells contain strained regions on a nanometer scale, 16 and electron energy loss spectroscopy showed that these regions are indium-rich. 17 Because the bandgap of InN is less than that of GaN, indium-rich regions in an InGaN quantum well will confine the electrons and holes and prevent them from diffusing to dislocations. Severe doubt was cast on this theory in 2003 when observation using a low electron dose revealed no gross indium clustering. Instead, the indium-rich clusters were being produced by electron-beam damage within the electron microscope and were thus just an artifact of the observation technique. 18 In addition, more sophisticated thermodynamic calculations, which took into account the fact that the InGaN quantum wells were strained, suggested that the strain should suppress the decomposition and that InGaN should be a homogeneous random alloy up to an indium content of at least 40%. 19 Hence, the bright light emission from InGaN cannot be due to the formation of indium-rich clusters. So the puzzle remained: Why do InGaN quantum wells emit brilliant light when the dislocation density is so high? This controversy provoked two special symposia at international conferences in 2005 and a special issue of Philosophical Magazine in 2007. 20 The consensus now emerging (see the articles in Reference 20) is that the high brightness of GaN-based LEDs might be due to a fortunate and unexpected interface effect: monolayerheight interface steps on the InGaN quantum wells. Researchers now believe that InGaN is a random alloy in quantum wells with compositions of up to at least 30% indium. Recent threedimensional (3-D) atom probe studies, which do not use an electron beam for imaging, confirm that InGaN is indeed a random alloy. 21 However, interestingly, transmission electron microscope results suggest that the InGaN quantum wells contain monolayer-height interface steps, 22 and this has also recently been confirmed by 3-D atom probe studies. Because the quantum wells are strained and because of the high piezoelectric effect in GaN, a monolayer interface step produces an additional carrier confinement energy of about 3 kT at room temperature, where k is the Boltzmann constant and T is temperature. This is sufficient to localize the carriers (for a review, see Reference 23).
Solid-State White Light
Whereas LEDs and OLEDs emit light of a single color in a narrow band of wavelengths, we need white light for a huge range of applications, including home and office lighting, and obtaining white light from LEDs and OLEDs presents a challenge. In fact, no white OLED for lighting is currently commercially available, 8 and it is unclear if and when this will happen.
There are various ways of obtaining white light from inorganic LEDs. Some of these involve the use of colored LEDs coated with phosphors. I will call such LEDs "white LEDs," as is standard practice. Phosphors are, in fact, highly important for some types of white LEDs.
Phosphors for LEDs
Most phosphors have been developed for use with fluorescent tubes or CFLs that emit UV radiation, and hence, they have not been optimized for use with LEDs emitting in the visible spectrum. The first commercially available white LED was based on an InGaN chip emitting blue light at a wavelength of 460 nm that was coated with a cerium-doped yttrium aluminum garnet (YAG) phosphor layer that converted some of the blue light into yellow light. 24 Both the chip and the phosphor are nontoxic, so the white LED is not toxic (unlike CFLs).
The blue LED plus yellow phosphor combination just outlined gives a cool white light. For home and office lighting, a warmer white light is desirable, which means adding some red light to the blue plus yellow. Unfortunately, very few red phosphor materials are available for excitation using blue or near-UV light, and those that are available have a low efficiency. Novel phosphors for LED lighting are being produced, 25 but these are at an early stage, and further research is needed in this area (see Reference 26 for further details).
How to Make Solid-State White Light
There are a number of ways to use GaN-based LEDs to make white light:
1. Blue LED and yellow phosphor. As stated previously, nearly all white LEDs sold today use a blue GaN/InGaN LED plus a yellow phosphor. The blue LED chip is covered with a thin layer of a phosphor that emits yellow light when excited by the blue light. The phosphor layer is sufficiently thin that some blue light is transmitted through it, and the combination of blue and yellow produces a cool white light. The white LEDs used as front bicycle lights ( Figure 5) ; in large display screens ( Figures 6 and 7) ; as the interior lighting in cars, buses, trains, and planes; or as the exterior lighting on buildings, for example, all use blue LEDs covered with a yellow phosphor.
2. Red plus green plus blue LEDs. This method, mixing red, green, and blue (RGB) LEDs is the obvious way to produce white light. However, this approach has three basic problems. The first is that the efficiency of green LEDs is much less than that of red and blue LEDs, for reasons that are not yet understood (this is known as the "green gap" problem). Hence, the overall efficiency of this method is limited by the low efficiency of the green. Second, the efficiencies of red, green, and blue LEDs change over time at different rates. Hence, if a high-quality white light is produced initially, over time, the quality of the white light degrades. However, this process is slow and can be corrected using automatic feedback. Third, because the emission peaks of LEDs are narrower than those of most phosphors, red plus green plus blue LEDs will give a poorer color rendering than red plus green plus blue phosphors. This problem can be minimized by a careful choice of LED emission wavelengths, and of course, more than three different color LEDs can be used for better coverage of the visible spectrum. In particular, using four LEDs-red, yellow, green, and blue-can give a good color rendering. As already discussed, blue LEDs covered with yellow phosphors give a rather cool white light. This is fine for many applications (e.g., displays, lighting in cars, buses, yachts, key-rings, and cell phones), but the quality of light is probably not good enough for home lighting, for which a warmer white light containing some red light is desirable. Such warm white LEDs (blue LEDs plus yellow and red phosphors) are available commercially now. However, the efficiency with which existing red phosphors are excited using blue light is much less than that using near-UV light; hence, a better route to higher quality white light might be to use a near-UV LED plus red, green, and blue phosphors. There are no dangers in using a near-UV LED as thick phosphor layers would be used so that no near-UV light would be transmitted, in much the same way as the phosphor coating on fluorescent tubes and CFLs prevents the transmission of UV light.
Limitations of LED Lighting
Although existing markets for LEDs are large, the real prize is home and office lighting. If GaN-based LEDs are so good, what is preventing their widespread use in our homes and offices? There are five main factors: efficiency, heat management, color rendering, lifetime, and cost. Table I compares the efficiencies and efficacies of various forms of lighting, including white LEDs. For high light output, for example, 1000 lm per LED, the LEDs need to be run at a high drive current (350 mA is a standard drive current for highpower white LEDs). The maximum efficiency of a commercial high-power white LED is currently about 30% (100 lm/W efficacy). This is six times greater than the efficiency of a filament light bulb and 50% better than that of a compact fluorescent lamp. However, at a lower drive current of 20 mA (a standard low-drive current) and therefore less total light output (typically 10 lm), LEDs with an efficiency of 50% are commercially available. We can expect an efficiency of 50% to be reached for higher drive currents (for example, 350 mA) in the next few years. We will then have a light source that is 10 times as efficient as filament light bulbs, three times as efficient as compact fluorescent lamps, twice as efficient as fluorescent tubes, and more efficient than even a sodium lamp (which has poor color rendering and is mainly used for low-quality street lighting). A target of at least 60% efficiency might be possible in the next 10 years or so. It is unlikely that other forms of lighting, for example, fluorescent tubes and CFLs, will increase their efficiency significantly in the future given that their technology is mature.
Efficiency
The factors currently limiting the efficiency of GaN LEDs are complex and not well understood. Figure 8 shows a plot of the internal quantum efficiency (IQE) of GaN-based quantum wells versus wavelength, using the best IQE values reported. (The IQE is the ratio of the number of photons out to the numbers of photons in, if excited by a laser, or to the number of electrons in, if excited electrically.) The shape of this curve is not understood theoretically. Improving efficiencies further at all wavelengths requires some in-depth basic science. However, it is clear from Figure 8 and Table I that existing blue and white LEDs are already efficient light sources.
Heat Management
Although the best high-power white LEDs have an efficacy of about 100 lm/W at 350 mA, many commercial high-power white LEDs operate at an efficacy of about 75 lm/W at 350 mA, which is about 25% efficient. This means that, although LEDs stay cool relative to incandescent light bulbs, 75% of the input power is dissipated as heat. If the LED becomes too hot, then its lifetime decreases. Heat management is therefore an important issue in many applications of high-power LEDs (the materials issue associated with heat management include degradation of the contacts and the generation of defects). 27 For example, in the LED car headlamps that BMW and Lexus are introducing, heat management has been a key issue to solve. Fortunately, the problem of heat management will significantly decrease in the next few years when white LEDs reach an efficacy of 150 lm/W, which corresponds to 50% efficiency, as less heat is then emitted. Hence, higher LED efficiency is not only important for saving energy and carbon emissions; it will also greatly facilitate heat management.
Color Rendering
Nearly all commercial white LEDs are blue LEDs coated with a yellow phosphor. These emit a cool white light that might not be acceptable for home lighting. If the various routes to higher quality white LED lighting mentioned earlier prove to be successful, we could then mimic the visible spectrum of sunlight, giving high-quality "natural" lighting in our homes and offices, in which clothing, lipstick, and skin colors would look the same as outdoors. Apart from the public preference for this natural lighting, there might well be health benefits. Humankind developed in natural lighting, and our bodies are adapted to this. The 24-h cycle of our internal body clock (our circadian rhythm) determines not only our sleep pattern, but also such functions as brainwave activity, hormone production, and cell regeneration. There is increasing evidence that, in addition to light intensity, light color is also an important factor controlling the degree to which our internal body clock is reset. 28 At current rates of progress, white LEDs that both are highly efficient and also have excellent color rendering should be available within the next 10 years. The progress is likely to be incremental, with light of better quality becoming available each year.
Lifetime
Red LEDs are known to have a lifetime of 100,000 h (11 years). Many manufacturers claim a 100,000-h lifetime for their white LEDs (blue LED plus yellow phosphor), but in many cases, independent studies have shown that this claim is not true. The basic blue-emitting chip does have a lifetime of at least 100,000 h; the problem lies in the packaging and in the use of cheap, poor-quality components.
One problem is that the epoxy resin used in the LED encapsulation process can become very inflexible when exposed to heat and to blue light. When the LED is switched on, all the components heat up, and thermal expansion can cause the contact wires to move relative to the LED chip and the frame. If the cured epoxy resin is inflexible, the contact wires can become detached. The use of a high-grade silicone polymer instead of epoxy resin eliminates this problem and others. We can expect that, with good packaging, as is now being employed by the best LED manufacturers, the lifetime of white LEDs should be about 100,000 h.
Cost
Cost is probably the major factor limiting the widespread use of white LEDs in our homes and offices. GaN-based LEDs are significantly more expensive than filament light bulbs or CFLs. However, the cost is continually decreasing. White LEDs are currently grown on 2-in.-(5-cm-) diameter sapphire (Al 2 O 3 ) or SiC substrates. Increasing the diameter of these substrates will reduce costs because edge effects will become relatively less important, and the cost of processing a 4-in. lines are relatively common in the electronics industry, whereas 2-and 4-in. (5-and 10-cm) facilities are rare. One hundred fifty thousand LEDs could be grown on a single 6-in. (150-mm) wafer. We can therefore expect substantial reductions in the future cost of white LEDs.
White Solid-State Lighting: The Present
White LEDs are already widely used, for example, as backlighting in cell phones; as interior lighting in aircraft, cars, and buses; and as bulbs in flash lights. They are also being fitted on airport runways: traditional lighting on runways lasts for about six months, and the runway has to be closed to replace it, at considerable cost. LED lighting should last for 10 years, giving significant operational savings. Audi A6 and A8 cars are using white LEDs as front daytime running lights, and BMW and Lexus are introducing white LEDs in their top-of-the-line car head lamps. LEDs are also being increasingly used for the flashes in camera phones. For example, sales of Philips Lumileds Flash LEDs for camera phones have gone from zero to 100 million units in less than three years.
White (and colored) LEDs are increasingly being used to illuminate the fronts of buildings. For example, on October 23, 2006 , it was announced that the front of Buckingham Palace in London would be illuminated at sunset every day during winter for the benefit of tourists. Apparently, the Queen had personally chosen white LEDs because of their low energy consumption, long life, and low maintenance. The power consumed in illuminating the whole of the front of Buckingham Palace using white LEDs is less than that used in running an electric kettle (2.8 kW). White and colored LEDs are widely used in displays around the world (see Figures 6 and 7) . A large emerging new market is LED backlighting for liquid crystal displays for televisions and computer screens, replacing fluorescent backlighting: for example, Showa Denko is expanding to make 200 million GaN- 
Key Materials Research Challenges
If white LEDs are to become the lighting of choice in our homes and offices, then the following key materials problems will need to be solved (see also Reference 26):
Increased Efficiency of Green LEDs
As previously stated, this is known as the "green gap" problem, and it is not well understood. Recent work has shown that, in green-emitting InGaN, the InGaN quantum wells often break up into network structures and the threading dislocations are mostly physically separated from the active regions of the quantum wells. 29 Optimization of the quantum-well network structures might well enable an increase in the efficiency of green LEDs.
Increased Efficiency of Blue and Near-UV LEDs
Blue LEDs are the basis of both the cool and the warm white LEDs available today. The IQE of blue emitters is about 70% (see Figure 8) . This value is already high, but if the IQE can be increased to 90%, then we can both increase the external efficiency significantly and also help to solve problems of thermal management.
Near-UV LEDs are more efficient than blue LEDs at exciting a number of phosphors, particularly red phosphors. Near-UV 380-nm LEDs also have a high IQE of 67% (see Figure 8) , but again, increasing the value to 90% would facilitate highquality white lighting based on a near-UV LED plus red, green, and blue phosphors.
Dislocation Reduction
As previously described, blue InGaN-based LEDs emit brilliant light even though the dislocation density is high. However, the efficiency is even higher if the dislocation density is reduced. Free-standing low-dislocation-density GaN substrates are expensive, so a key research challenge is to reduce the dislocation density substantially in situ in the growth reactor by optimizing such factors as the growth conditions and the use of interlayers.
Nonpolar and Semipolar GaN
Virtually all commercial GaN-based LEDs are grown in the [0001] direction. This is a polar direction, so there is an electric field across the InGaN quantum well that keeps the electrons and holes apart and, hence, reduces the rate of recombination and light emission. Growth in a nonpolar (or semipolar) direction should eliminate this effect, thus enhancing the efficiency of light emission. However, unless expensive free-standing nonpolar GaN substrates are used, the defect density increases, and hence, the IQE decreases instead of improving. Further research is required to grow nonpolar GaN with low defect densities.
Improved p-GaN
The holes in p-type GaN have a low mobility and a low concentration. This reduces the LED efficiency. Further research is required to improve the quality of p-GaN.
Novel Wide-Bandgap Semiconductors
Fundamental research on novel wide-bandgap semiconductors is required as these materials might be even more efficient than GaN-based devices. ZnO is currently receiving much attention, but efficient p-doping of ZnO is proving to be a major problem. ScN is a potentially promising novel nitride, 36 but further work is required on new wide bandgap semiconductors.
Novel Phosphors
As mentioned earlier, most phosphors were developed for use with UV-emitting fluorescent tubes. There is an urgent need for new phosphors optimized for use with blue and near-UV LEDs.
Assuming that adequate funding is made available to address the key materials research challenges outlined, progress in solving these issues will have a significant effect on the future use of white LEDs in home and office lighting.
White LEDs for Lighting: The Next 5-10 Years
The main current market for LEDs is in displays and backlighting for devices such as cell phones. The next large market will be automotive lighting. There are 600 million cars on Earth. Last year, 60 million cars and 40 million motorbikes were made, and this number is rising rapidly. The power consumption for lighting in a typical car is 370 W. By using LEDs, this value can be reduced to 70 W. If 50% of cars used LEDs instead of halogen lamps just for their low-beam headlamps, the electricity savings would be 110 million kWh. Cool white LEDs (blue LED plus yellow phosphor) are fine for both car interior lighting and exterior daytime running lights and headlamps. Although white LEDs are more expensive than conventional car lights (internal and external), the substantially longer lifetime coupled with fuel savings (the energy for the lighting comes from the fuel) means that, even at their current price, white LEDs are being increasingly used in cars. In the next five years, white LED lighting is likely to be the lighting of choice in all cars.
The use of white LEDs for home lighting is currently extremely small. Warm white LEDs are now available, based on blue LEDs plus yellow and red phosphors. However, these warm white LEDs are less efficient than cool white LEDs because of the low efficiency of red phosphors excited by blue light; they are also more expensive. Higher quality warm white LEDs, with almost perfect color rendering, need further research but should be available in the next five years.
As previously mentioned, a key issue for the use of LED lighting in homes and offices is cost. The total costs of ownership of a light bulb, combining the purchase cost plus running costs, at 8 h per day, are listed in Table II for 37 This Roadmap was updated in March 2007, 38 and the cost of cool white LEDs is given there as $40 per kilolumen. In fact, the field is moving so fast that some of the values in this report are already out of date; the cost of white LED lighting is now less than $20 per kilolumen. Most people will consider only the capital cost when buying light bulbs for homes, some will consider capital plus running costs over one year, and a few will consider capital costs plus running costs over five years. On this basis, and using the values just given and Table II, it is clear that, today, white LED lighting in homes is a niche market: LEDs will mainly be fitted in locations where the 100,000-h lifetime is important, for example, in inaccessible places.
Over the next five years, we can expect warm white LEDs with an efficacy of at least 130 lm/W to become available. The electricity cost for one year at 8 h/day and today's U.S. cost of electricity of $0.1 kWh will then be only $2. However, if LEDs are to compete with CFLs in terms of the total cost of ownership over one year, then the capital cost of an LED lamp must be less than $4, which is a challenge. However, if we take the total cost of ownership over 5 years, then the LED electricity cost is $10, and the total cost of ownership is less than that of a CFL if the LED price is less than $18, which is easily achievable. In addition, white LEDs contain no toxic materials like mercury. We can therefore expect that white LEDs will enter the home lighting market strongly in the next five years, provided that an efficacy of about 130 lm/W can be obtained.
In the next 10 years, the efficiency of white LEDs will continue to increase, with dramatic energy savings. For example, at an efficacy of 150 lm/W, a white LED with light output equivalent to that of a 60-W incandescent light bulb could be left on all year for 24 h per day at an electricity cost of only $5 (at today's U.S. electricity cost of $0.1 kWh). Also in the next 10 years we can expect today's warm white LEDs to be replaced by higher quality white LEDs giving out natural lighting, similar to sunlight. Further research is needed to develop these LEDs, but they are likely to be popular with customers for the health reasons mentioned earlier. 38 states: "Today, the efficacy of OLED devices lags behind LED devices. . . . However, the efficacy of OLED products should approach that of the LED products in the latter part of the current forecast [toward 2015 ]. This reflects the anticipated exponential efficacy improvement of OLED devices as compared to the projected linear improvement in the commercial efficacy of LED devices." It seems inherently unlikely that "anticipated exponential efficacy improvements of OLED devices" will occur between now and 2015, and even if they do, the efficacy of OLEDs will still lag behind that of LEDs in 2015. In addition, once white LEDs are established as the lighting of choice in homes and offices, they might be difficult to displace. For further information on OLEDs for lighting, see Reference 38 and the references contained therein.
It is unlikely that 200 lm/W will be achieved using an LEDplus-phosphor combination because of efficiency losses in the phosphor and also efficiency losses in converting high-energy photons from the LED into lower energy photons (the Stokes shift). The solution to this problem is to avoid phosphors and to produce white light by mixing red, yellow, green, and blue (RYGB) LEDs. This cannot be done efficiently at present because, as mentioned earlier, green LEDs are much less efficient than blue and red (the so-called "green gap").
If we can solve the green gap problem, then we should be able to produce white light from RYGB LEDs with an efficacy of at least 200 lm/W. The energy savings, and carbon dioxide emission savings, will then be even greater than the values Note: Values calculated assuming light bulbs used for 8 h/day at electricity costs of $0.1/kWh (U.S.) and $0.2/kWh (U.K.), cost of incandescent bulb $0.5, cost of CPL = $2, and cost of LED = $14.
given at the start of this article, which assume an LED efficacy of 150 lm/W. In addition, this white light source will be color tunable by the customer to provide mood lighting: houses will have a color control switch in rooms (or a hand-held remote control) that will enable people to wake up to a blue-white light and go to bed with a red-white light, for example. In 10-20 years' time, if we can meet the materials challenges outlined earlier, LEDs will provide the ultimate light source with the following characteristics: n ultra-energy-efficient (15 times more than incandescent light bulbs and 5 times more than CFLs); n ultra-long-lived (100,000 h compared to 10,000 h for CFLs and 1000 h for incandescents); n environmentally friendly with no toxic mercury; n inexpensive; n natural, similar to sunlight, for our health and wellbeing; and n tunable (with the ability to provide mood lighting of any desired color or shade of white). Indeed, in 10-20 years' time, LED lighting will probably be the dominant form of lighting in homes, offices, cities, and transport throughout the world.
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